The exoerythrocytic stage of Plasmodium malaria infection is a critical window for prophylactic intervention. Using a genome-wide dual RNA sequencing of flow-sorted infected and uninfected hepatoma cells we identify the human mucosal immunity gene, Mucin13 (MUC13), as strongly upregulated during Plasmodium exoerythrocytic hepaticstage infection. We confirm that MUC13 expression is upregulated in hepatoma cell lines and primary hepatocytes. In immunofluorescence assays, host MUC13 protein expression distinguishes infected cells from adjacent uninfected cells and shows similar colocalization with parasite biomarkers such as UIS4 and HSP70. We further show that localization patterns are species independent, distinguishing both P. berghei and P. vivax infected cells, and that MUC13 can be used to identify compounds that inhibit parasite replication in hepatocytes across all Human-infecting Plasmodium species. This data presents a novel interface of host-parasite interactions in Plasmodium, in that a component of host mucosal immunity is reprogrammed to assist the progression of infection.
Introduction
Malaria remains a significant global health problem with 214 million annual cases and up to a half million deaths in 2015 (W.H.O., 2017) . The disease, caused by protozoan parasites of the genus Plasmodium, is transmitted when a female Anopheline mosquito takes a blood meal and injects infectious Plasmodium sporozoites. These sporozoites (typically less than 100) migrate to the liver where they invade hepatocytes. This exoerythrocytic infection develops asymptomatically in the infected hepatocytes over a period of two to ten days, depending on the species of malaria parasite. The infected hepatocyte eventually bursts, releasing tens of thousands of merozoites that are programmed to infect erythrocytes. The repeated infection and lysis of erythrocytes results in symptomatic disease, and for this reason, the erythrocytic stage has been the historical focus of drug discovery. On the other hand, the exoerythrocytic stage attracts attention due to the substantially reduced parasite burden. Unsurprisingly then, most malaria vaccine candidates (such as RTS,S (Olotu et al., 2016) , also known as Mosquirix) target the exoerythrocytic stage for this reason. In addition, while malaria is typically prevented through the use of insecticide-treated bed nets and treated with chemotherapy such as artemisinin combination therapies, there is a recognized need for new molecules that may protect against malaria and which might be formulated as a component in a SERCaP (Single Exposure, Radical Cure, and Prophylaxis) medicine that could be used in a malaria-elimination campaign (Burrows et al., 2013) .
From the perspective of host-parasite interactions, there are likely numerous possible host targets for therapeutic intervention. During the initial stage, the infected hepatocyte can grow to many times its initial size and yet does not undergo apoptosis.
The parasite's metabolic needs are also likely to be considerable given that one sporozoite can yield over 30,000 merozoites within a single infected host cell. It thus seems very likely that the parasite is releasing effectors into the host cell to control host cell behavior. This notion that the malaria parasite is modifying host-gene expression is heavily supported by studies in the related apicomplexan parasite, Toxoplasma gondii.
Gene expression studies in T. gondii have been used effectively to characterize the host response to infection, due to its high multiplicity of infection (Melo et al., 2013; Saeij et al., 2007) . As observed in these studies, the parasite must carefully regulate immune activation and host-cell effector mechanisms (reviewed in (Melo et al., 2011) ) to establish infection. It is now known that multiple proteins, including ROP18 kinase (Saeij et al., 2006; Taylor et al., 2006) and GRA15 (Rosowski et al., 2011) , are secreted into the host cell, altering host cell signal transduction and inflammation (Jensen et al., 2013) .
In contrast to Toxoplasma, relatively little is known about molecules produced by hepatocytes in response to Plasmodium sporozoite infection, in part because of the difficulty associated with studying the exoerythrocytic stage (reviewed in (Ingmundson et al., 2014) ). Plasmodium sporozoites form a parasitophorous vacuole within infected hepatocytes. Parasite-induced host molecules are known to include EphA2 and CD81, which have been shown to be essential for hepatocyte invasion (Kaushansky et al., 2015; Yalaoui et al., 2008) . Parasite-secreted molecules include LISP and IBIS1, which are secreted into hepatocytes in the P. berghei model (Ingmundson et al., 2012; Orito et al., 2013) . Another candidate effector molecule is the circumsporozoite protein (CSP), an abundant protein that is shed from the parasite sporozoite surface. It was also shown that expression of recombinant CSP in HeLa cells regulates TNF-alpha dependent hostimmune signaling and NF-ḳB translocation to the nucleus, for example (Singh et al., 2007) .
As with Toxoplasma, global gene expression analysis of infected cells should be an effective way to identify host genes that play a role in Plasmodium exoerythrocytic infection. However, the low parasite to hepatocyte ratio also creates a low signal to noise ratio. This problem can be overcome using dual-RNA sequencing of flow-sorted infected host cells (Cloney, 2016) , which analyzes host and pathogen transcriptomes simultaneously. In addition, the tremendous depth of coverage offered by current transcriptomic sequencing approaches allows for a deep examination of the data. Here, we have taken advantage of this dual-RNA sequencing approach in order to gain insights into Plasmodium liver-stage development. We have identified and partially characterized one host-factor, Mucin13, which is highly upregulated during host-cell infection by both P. berghei and P. vivax. In contrast to previously identified parasite markers of liver-stage infection, such as HSP70 or UIS4 (Matuschewski et al., 2002) . Mucins, as a component of the mucosal immune system, serve a critical role in host innate immune defenses as an initial barrier to infection. MUC13, as one of the transmembrane mucins, has been shown to play important roles in defense against several forms of cancer (Sheng et al., 2017) and bacterial infection, such as by Helicobacter pylori (Liu et al., 2014) . Mucosal immunity has never been shown to have a significant role in malaria (reviewed in (Gazzinelli et al., 2014) ), in part due to the lifecycle of the parasite itself. However, in this study, we display a novel interaction of innate immunity against parasite infection, in which activation of MUC13 aids parasite development. Therefore, MUC13 may serve not only as a universal biomarker for Plasmodium infection, upregulated regardless of the species of infecting malaria parasite, but also plays a role in parasite development as well.
Results
To investigate host-pathogen interactions in Plasmodium exoerythrocytic stages, we conducted a dual RNA sequencing study, a strategy that has proven useful in identifying novel interactions in other intracellular parasitic organisms, including T. gondii and Leishmania major (Dillon et al., 2015; Pittman et al., 2014; Westermann et al., 2017) .
We initially used P. berghei, a cause of murine malaria to infect the hepatoma cell line Huh7.5.1, which had proven to be readily sortable using flow cytometry (Swann et al., 2016) . The Huh7.5.1 hepatocytes were first infected in vitro with P. berghei sporozoites expressing GFP regulated by the elongation factor-1α promoter (Franke-Fayard et al., 2004 ) that is active throughout the 48-hour liver stage infection (Swann et al., 2016) .
Samples were collected at time 0 (uninfected hepatocytes and sporozoites before infection), 24 hours, and 48 hours post-infection (hpi), then infected and uninfected cells were separated using fluorescence-activated cell sorting. Altogether, approximately 10,000 cells of each type were collected, and based upon a pilot study we determined that obtaining 20 million reads at 24 hours post-infection, or 10 million reads at 48 hours post-infection, would be sufficient to obtain an average 50X coding genome coverage in both host and P. berghei ( Figure S1 ). Huh7.5.1 experiments were conducted in triplicate on three different days. To ensure that our expression patterns were not dependent on the human cell line used, we collected additional experiments with HepG2-CD81 cells (48 hours infected and uninfected) and twice with HC04 cells (48 hours infected and uninfected), both additional human hepatocyte cell lines able to support P. berghei infection (Sinnis et al., 2013) . Total RNA was isolated from the different populations and dual RNA-sequencing performed for both P. berghei and the host human hepatocyte cell lines at each time point. Over 318 million total reads were obtained and aligned to either the P. berghei reference genome or the human reference genome, 82.1% of which map to either the human of P. berghei genomes.
Altogether we detected transcripts with at least one sample > 10 reads for 21,941 of the 58,051 human genes and 4770 of the 5245 parasite genes (Table S1, S2).
Expression patterns were generally consistent across experimental replicates (R 2 = 0.86 to 0.89). In the parasite, PBANKA_050120 (UIS4), and PBANKA_040320 (CSP), were the most highly expressed at time zero. PBANKA_071190 (HSP70), as well as PBANKA_100300 (LISP2), were the most highly expressed at 48 hours (Table S2 ). All are well validated hepatic stage markers (Orito et al., 2013; Vaughan et al., 2012) .
We next identified genes that were differentially expressed during infection. While our ultimate goal was to identify host biomarkers of infection, we first analyzed the gene expression patterns for P. berghei as a control to ensure that our time point accurately reflected the expected parasite biology. As anticipated, parasite gene expression changes followed known patterns, including downregulation of genes with known sporozoite function, such as CSP (log2FC of -9.6, p-value 3.61x10 -109 ), CELTOS (log2FC of -12.3, p-value 3.70x10 -78 ), and UIS4 (log2FC of -9.3, p-value 9.32x10 -219 ), combined with upregulation of merozoite genes such as MSP1 (log2FC of 3.8, p-value 2.78x10 -25 ), MSRP2 (log2FC of 6.6, p-value 8.22x10 -23 ) and SERA1 (log2FC of 5.0, p-value 2.84x10 -46 ) (Table S2 ) (Tarun et al., 2008) . We also observed excellent concordance between our P. berghei expression data and reported P. falciparum quantitative microarray gene expression studies, with the P. falciparum homolog of 5 of the 10 most highly expressed P. berghei sporozoite transcripts (by read count at 0 hpi) also being among the 10 most highly expressed P. falciparum transcripts (CSP, ETRAMP10.3/UIS4, TRAP, CELTOS and HSP70 -hypergeometric mean probability of association by chance < 1.51 x 10 -12 ) (Le Roch et al., 2003) . In addition, 13 of the 20 most highly expressed P. falciparum sporozoite transcripts (Le Roch et al., 2003) possessed homologs that were also highly expressed (within the top 100 genes) in our P. berghei dataset (p< 2.82 x 10 -18 ), demonstrating that the sporozoite transcriptional profile is largely shared between rodent and human Plasmodium species regardless of the experimental platform.
After having demonstrated the validity of our experimental design, we turned our focus to our primary goal, the identification of host-factors involved in parasite development. In order to broadly examine host-cell gene expression patterns, we first identified differentially expressed genes using pairwise comparisons between infected and uninfected cells focusing primarily on the 48-hour time point (which was sampled with multiple hepatocyte lines). Genes were next subjected to hierarchical clustering ( Figure   1A , Matrix used to create tree - Table S3 ). The data showed, not unexpectedly, that there were major differences between the different cell lines. However, subclusters could be identified that revealed genes that were consistently upregulated across cell lines with the most dramatic changes occurring 48 hpi.
In order to classify the gene expression changes, we determined whether specific functional classes were overrepresented in up and down regulated genes. Analysis of the 21,941 detected genes at the 48-hour time point showed that 840 human genes were upregulated (average >2X change between pairs, p <0.01) and 618 were downregulated using similar criteria. The sets of upregulated genes were compared to compiled lists of genes with known functions, including gene ontology groups using Metascape (Tripathi et al., 2015) . We found that genes involved in host ribosome function (p = 3.23 x 10 -14 ), and DNA replication (p = 3.46 x 10 -10 ) were downregulated ( Table S4 ), indicating that the host cell has decreased the production of ribosomes and DNA replication machinery as it is presumably no longer dividing. The most strongly downregulated gene, ENHO, plays a role in the positive regulation of Notch signaling (Energy Homeostasis related, 4.34X average downregulation, p = 1.11x10 -08 ). The cheomokine ligand, CXCL10, which is a hallmark protein in the JAK-STAT, and alpha and gamma interferon pathways, was also highly downregulated (2.88X downregulation p = 4.68x10 -05 ), as was thymidine kinase, a gene involved in DNA synthesis. Further analysis of dysregulated transcriptional pathways using Ingenuity pathway analysis (Kramer et al., 2014 ) also indicated downregulation of the eIF2 signaling ( Figure S2 ).
The 840 upregulated genes were more difficult to classify. Transcript increases were observed for genes that play a role in general transcriptional pathways (Generic Transcription Pathway -p = 2.0 x 10 -6 ), as well as genes with a role in the regulation of energy homeostasis (p = 1.32 x 10 -4 ) with enrichment in adipocytokine signaling pathway and gluconeogenesis, among others (Table S5 ). These changes are presumably a reflection of the metabolic changes the host cell needs to make to support rapid parasite growth and replication. We also observe strong upregulation of mTOR signaling, whose upregulation has been shown to be necessary for hepatic development (Hanson et al., 2013) , using Ingenuity pathway analysis. The most highly upregulated gene, however, was the human mucosal innate immunity gene, Mucin13 (MUC13, average 16.51 upregulation, p = 7.84 x10 -51 ), a gene which is also upregulated at the mRNA level in response to H. pylori infection or IL-1β stimulation of MKN7 cells (Cheng et al., 2016) or treatment with the colitis-inducing agent, dextran sodium sulfate (Sheng et al., 2011) .
Because Mucin13 (MUC13) transcripts are found in some cancers including ovarian and colorectal cancers (Gupta et al., 2014) we next sought to confirm that this was not an artifact of using immortal hepatoma cells. To further ensure that the expression changes were not limited to hepatoma cell lines, we validated upregulation in P. berghei infected primary human hepatocytes, as well as in P. berghei infected Huh7.5.1, HepG2 and HC04 cells using qRT-PCR. We chose the two clearest examples of infection status marker genes ( Figure 1B ): MUC13 and NR4A3. In addition, we chose to validate several additional genes (SLC22A8, RASSF9 and NEAT1) which were highly upregulated in Huh7.5.1 cells, yet not within this infection responsive cluster, as controls.
We found that in these four cell lines, we observed that only MUC13 mRNA was consistently upregulated (~16X) ( Figure 1B ).
MUC13 encodes a membrane bound mucin with abundant O-and N-glycosylation on its extracellular domain (Schematic: Figure 1C ) as well as EGF domains and has a molecular weight of 54 kDa. To test whether we also observe upregulation of the MUC13 protein we performed western blot analysis using a commercially available polyclonal antibody that recognizes the C-terminal domain ( Figure 1D ). Interestingly, MUC13 has been reported both as a 54 kDa transmembrane protein and a smaller 33 kDa (putative) soluble form once the transmembrane domain is cleaved (Maher et al., 2011) . We clearly observed the 54 kDa form ( Figure 1D ), although we did not observe the lower molecular weight product ( Figure S3 ), indicating that the N-terminal extracellular domain may remain attached. In addition to recognizing the correct band, the MUC13 antibody showed protein upregulation only in infected Huh7.5.1 and HC04 cells ( Figure 1D ), compared to uninfected co-sorted controls that were exposed to identical culture conditions.
To assess whether MUC13 colocalizes with parasite in infected hepatocytes, we used the same antibody described above and contained infected cells using two independent parasite antibodies that react with Heat-shock protein 70 kDa (HSP70) and Upregulated-in-Sporozoites 4 (UIS4) (Figure 2A, B) . These two antibodies stain the cytoplasm of developing exoerythrocytic form schizonts (Renia et al., 1990 ) and the parasite membrane (Mueller et al., 2005) respectively. Our immunofluorescence (IFA) analysis showed that our MUC13 antibody recognized only parasite infected cells.
Interestingly, MUC13 is typically expressed on the outer cell membrane of host mucosal epithelial cells (Williams et al., 2001) where it is found on apical membranes and forms part of the glycocalyx that presumably protects gut cells from pathogens. However, in parasite-infected cells the staining (Figure 2A ,B) largely colocalized with cytoplasmic parasite HSP70, indicating that this host protein may be actively transported into the parasite cytoplasm. Although the cytoplasmic localization is surprising, it reflects the documented behavior of this protein in cancerous cells. It has been shown that MUC13 is cytoplasmic and overexpressed in metastatic colon cancer cells but apically located in normal adjacent control cells (Gupta et al., 2012) . In addition, MUC13 is translocated from the apical membrane to the cytoplasm in colonic epithelium cells after treatment with the colitis-inducing agent, dextran sodium sulfate (Sheng et al., 2011) . While this could be due to acquired cross-reactivity in stimulated cells, MUC13 antibodies reveal no MUC13 staining in knockout animals (Sheng et al., 2011) . Although the apparent localization within the parasite cytoplasm could indicate cross-reactivity with parasite proteins, we found that MUC13 IFA levels closely correlate with transcript levels. We observed almost no MUC13 transcripts in our RNAseq at time zero and an IFA time course also showed no MUC13 staining two hours after infection, during which time parasites were present and could be readily detected by HSP70 antibody staining ( Figure   3 and data not shown). The intensity of MUC13 staining was also directly proportional to MUC13 RNA levels, with a very modest induction at 24 hpi, and increasing to strong induction at 48 hpi (Figure 3 ). This induction of MUC13 also seems to be specific to exoerythrocytic infection, as IFA analysis for MUC13 in asexual blood stage parasites (with MUC13 Antibody #1 -LifeSpan Biosciences #LS-C345092) shows no colocalization with parasites, only a faint MUC13 signal along the RBC membrane ( Figure   S4 ). In addition, staining with an independently derived, commercial rabbit polyclonal antibody to the MUC13 extracellular domain (MUC13 Antibody #2 -LifeSpan BioSciences #LS-A8191) showed nearly identical co-staining patterns ( Figure S5) . A significant concern remained whether MUC13 was a marker for human malaria infection, or was simply limited to the rodent model. In order to validate the utility of MUC13 as a marker of a human malaria infection, we next examined in subcellular localization of MUC13 in cells infected with the human parasite, Plasmodium vivax. Symptomatic P. vivax malaria patients were recruited from the Loreto region of Peru using an approved human subjects protocol and asked to provide a blood sample. This patient blood was washed and used to feed colonized female Anopheles darlingi mosquitos (Moreno et al., 2014 ) using a standard membrane-feeding assay. After 14 days, salivary glands were dissected and the resultant sporozoites were harvested and incubated with HC04 cells for seven days. Immunofluorescence microscopy demonstrated that MUC13 also colocalizes very strongly with P. vivax HSP70 in HC04 cells ( Figure 2B ), indicating that MUC13 is a marker of human malaria infection as well. Similar to the rodent parasite, MUC13 signal covers the parasite, as would be observed if MUC13 is localized to the cytosol and nuclear membrane of developing merozoites of the developing exoerythrocytic parasite.
Species-specific parasite antibodies are typically used in liver stage imaging assays to measure parasite killing in response to drug candidates (Sinnis et al., 2013) .
To assess whether MUC13 antibodies can be used as a substitute for parasite antibodies in imaging assays, we performed automated microscopy on P. berghei and P. vivax infected cultures after staining with parasite and the MUC13 antibody. HsMUC13 antibodies indicated nearly identical levels of parasitemia relative to HSP70 ( Figure 4A ), The value of MUC13 for parasite detection was also seen in drug-response, as MUC13 was able to detect the decrease in parasite levels after dose-titration with two control compounds, atovaquone and puromycin ( Figure 4B ), which yielded a roughly equal EC50 ( Figure 4C ). Similar compound responses were also observed between HSP70 and MUC13 in parasites treated at 12 and 24 hpi ( Figure S6 ). The fluorescent signal from MUC13 antibody staining clearly demonstrates the effect of atovaquone upon parasite growth, as P. berghei parasites treated with atovaquone very early in the P. berghei lifecycle (2 hpi, when atovaquone is most effective (Swann et al., 2016) ) demonstrate a marked decrease in size ( Figure 4D ) and infection rate when compared with later or no drug treatment. This also indicates that the MUC13 induction begins prior to 48 hpi, since parasites treated with a lethal dose of atovaquone at 12 hours post-infection still exhibit MUC13 expression. These data show that MUC13 can substitute as a biomarker of parasite hepatic infection.
Although the MUC13 gene can be disrupted in mice it has been shown, nevertheless, to protect human epithelial cells against inflammation by inhibiting cellular apoptosis (Sheng et al., 2017) . To determine whether MUC13 may play a role in Plasmodium survival and persistence, we used a traditional stable pooled shRNA approach, delivered by lentivirus, to independently knockdown human MUC13 in both HC04 and Huh7.5.1 cells. This generated an observed 60% knockdown in MUC13 protein levels ( Figure 5A ). An shRNA approach was used in place of the more recent, and probably more effective, CRISPR/Cas9 approaches (Mali et al., 2013) because Plasmodium parasites lack the machinery for RNAi (Baum et al., 2009) . Therefore, RNAi knockdown of the host-factor MUC13 would have no potential for off-target effects upon parasite genes. Stable MUC13 knockdown HC04 and Huh7.5.1 were established, and when infected with P. berghei parasites expressing luciferase, we observed a 40% decrease in parasite number in both HC04 and Huh7.5.1 cells at 48 hpi ( Figure 5B ). This 40% decrease in parasite number likely understates the effect of MUC13, given it results from a partial knockdown of MUC13. Imaging of parasites infecting shMUC13 Huh7.5.1 cells by immunofluorescence ( Figure 5C ) indicated that the MUC13 signal recognized by the antibody, both in the parasites and in the surrounding infected cells, is markedly reduced, further validating the specificity of the MUC13 antibodies' recognition of infecting parasites. In addition, it appears that the upregulation of MUC13 is beneficial to parasite survival and development of late stage parasites.
Discussion
As the goal of malaria eradication moves forward, the need for biomarkers to identify individuals infected with malaria without clinical symptoms will be essential. One concern is the specificity of the MUC13 signal, which colocalizes with the Plasmodium parasite by immunofluorescence microscopy and could be due to cross-reactivity with glycolsylated parasites proteins that are only present at 24-48 hours. This is unlikely due to multiple independent lines of experimental evidence. First, the signal from the MUC13 antibody is sensitive to shRNA knockdown and shRNA knockdowns have been used by others study MUC13 phenotypes (Chauhan et al., 2012) . Second, we observe no MUC13 mRNA during early hepatocyte infection (2 hpi) or asexual blood stage infection ( Figure   S5 ), but do detect strong parasite HSP70 signal later during exoerythrocytic development.
In addition, at intermediate points of infection (12 and 24 hpi), the MUC13 IFA intensity correlates with the dramatic transcriptional induction of MUC13 during late-stage hepatic infection. In addition, the increased level of MUC13 protein within the parasite, as compared to neighboring uninfected host cells (Figure 2,3) , is consistent with the 50-fold (for Huh7.5.1) induction of MUC13 transcript levels in infected cells at 48 hpi. Third, the pattern of MUC13 expression we observe, both in host cell and parasites, is consistent with previously reported studies of MUC13 localization (Sheng et al., 2017) , displaying a speckled pattern with cytoplasmic and nuclear staining in cancer cells but apical in normal epithelial cells (Williams et al., 2001 ). Fourth, we find similar staining with two independently derived MUC13 antibodies that recognize different areas of the protein.
Fifth, similar MUC13 localization is observed with different parasite species. Lastly, our western blots ( Figure S3 ) do not indicate additional binding to products other than the slightly greater than 50 kDa band expected for MUC13. Our data, as well as published data, thus strongly support MUC13 specificity for both of our tested MUC13 antibodies.
How MUC13 is trafficked to the parasite cytoplasm and nucleus is an open question. Other membrane-based mucins are packaged into secretory vesicles that are targeted to the site of infection and it is possible that similar localization methods are being used here. It is possible that in other systems MUC13 is exported to the site of infection but is not observed in micrographs because this space is extracellular and protein can be washed away. Cytoplasmic and nuclear localization of MUC13 is observed in cancer cells however, where MUC13 is overexpressed (Gupta et al., 2014) , so potentially a similar process of MUC13 internalization is at play here. However, in our case the protein is contained inside the parasitophorous vacuole of the parasite.
Mutagenesis of the different domains of the protein will be necessary to determine which protein domains (EGF domains, SEA domain, PKC phosphorylation domain) play a role in sorting MUC13 into the parasite cytoplasm.
Under normal conditions, MUC13, like most transmembrane mucins, functions to protect cells from infection and damage by forming a barrier along the mucosal surface of those cells (Williams et al., 2001 ). However, data from our studies as well as those of others suggest that the cellular function of MUC13 is complex, particularly when expression is induced. Evidence suggests that MUC13 can function both as a sensor/regulatory molecule as well as an effector. Evidence that MUC13 functions as a sensor/regulator comes from overexpression and knockout studies in other systems. For example, knockout mice have an aberrant inflammatory response when challenged with pathogens (Sheng et al., 2011) . In addition, MUC13 is induced in response to a variety of infections, including H. pylori (Cheng et al., 2016) . MUC13 also has been shown to interact regulatory proteins such as Her2 (Chauhan et al., 2009 ) and cIAP1 (Sheng et al., 2017) , contains 3 EGF-like domains, which have been shown to play important immune regulatory functions in the selectins (Freedman et al., 1996) , and the intracellular domain contains a protein kinase C phosphorylation domain. MUC13 is also able to move from the surface to the cytoplasm and nucleus in response to exposure to dextran sodium sulphate, a chemical shown to induce colitis (Sheng et al., 2011) . Data that it also an effector molecule include the presence of mucin glycosylation domains, its upregulation after infection and, as we show here, its trafficking to the site of infection. MUC13 has also been shown to, among other functions, to increase the production of inflammatory cytokines such as IL-8 (in balance with the downregulation of cytokine production from MUC1 (Sheng et al., 2013) ) and inhibit apoptosis (Linden et al., 2008) through the activation of Nf-kB and its resulting upregulation of downstream anti-apoptotic markers such as Bcl-Xl, survivin and cyclin D1 (Sheng et al., 2017) .
Since most of the transcriptional changes in host cells, such as the upregulation of cellular energy homeostasis and glucose metabolic processes and the downregulation of translational regulation and amino acid metabolism, would seem to favor parasitic development, we hypothesize that MUC13 upregulation is to the parasite's benefit as well.
In addition, the knockdown of MUC13 appears to modestly inhibit parasite development (Figure 4 ). Host-cell apoptosis does represent a critical obstacle for Plasmodium to overcome during liver-stage infection (van de Sand et al., 2005) , and inhibition of p53-mediated apoptosis specifically has been shown to be a necessary part of liver-stage parasite development (Kaushansky et al., 2013) ; perhaps MUC13 induction aids late stage parasite development by delaying host cell death while the hepatocyte has detached and merozoites become fully developed (Sturm et al., 2006) . There is another potential role which MUC13 may play in parasite hepatic development, one of immune cell evasion. Given the localization of MUC13 throughout the developing merosome, it appears that MUC13 may be colocalized to the membranes of the developing merozoites.
This could represent a parasite strategy to evade the host-cell immune system by covering the parasite membrane in host-cell glycoproteins. This strategy has been demonstrated in several other human parasites, most notably Trypanosoma cruzi, where the parasite surrounds itself with mucin-like glycoproteins to resemble to confuse the host immune system (Flavia Nardy et al., 2015; Nardy et al., 2016) . Additionally, numerous helminths, including Schistosoma mansoni, express mucin-like molecules on their exterior to evade immune detection and aid invasion (reviewed in (Theodoropoulos et al., 2001) ). Covering the surface of emerging merozoites with a host glycoprotein would allow those merozoites to more freely evade the immune system immediately after hepatocyte rupture and allow for more efficient erythrocyte invasion.
A final question is whether the MUC13 could be a clinically relevant biomarker of parasite infection. MUC13 protein expression has been implicated as a marker of several diseases, including numerous cancers, such as gastric, ovarian and colon cancer, inflammation and Helicobacter infection (Liu et al., 2014; Maher et al., 2011; Sheng et al., 2011) , suggesting that MUC13 may be a general signal of cellular infection. However, these studies do not necessarily preclude the use of MUC13 as a biomarker of Plasmodium infection for two reasons: First, the fold-induction of MUC13 in other infectious diseases, outside of cancer, is much smaller than observed in this study (1.5-3 fold within the specific tissue assayed) (Liu et al., 2014; Sheng et al., 2011) , and second, the clinical overlap between metastatic cancer patients, where MUC13 is often highly overexpressed, and malaria patients might be small. Work on MUC13 in cancer has shown that it can be detected in peripheral blood (Maher et al., 2011) , suggesting that this host-factor could also potentially be used in malaria detection using peripheral blood as well. In addition, because of its role in parasite exoerythrocytic maturation, and since MUC13 is not essential gene, at least in mice (Sheng et al., 2011) , MUC13 might be a target for antimalarial prophylaxis as well.
In summary, the identification of MUC13 as a new host factor involved in parasite development will greatly enhance our understanding of parasite liver-stage development, serve as a valuable experimental window into exoerythrocytic development and potentially could serve as a clinically relevant biomarker as well. Confocal microscopy images of Huh7.5.1 and HC04 liver cells infected with Plasmodium parasites 48 hpi. Cells were labeled using a rabbit polyclonal antibody (dilution 1:500, 1 mg/ml stock) against the intracellular region of MUC13 (MUC13 Antibody #1 -LifeSpan BioSciences #LS-C345092) and visualized with a goat anti-rabbit Alexa Fluor 488 (green); CellMask deep red was used for plasma membranes (purple). P. berghei (A, B) and P. vivax (B) EEFs were labeled using a goat polyclonal (dilution 1:200, 1 mg/ml stock) against PbUIS4 (Biorbyt #orb11636) (A) or a mouse polyclonal (dilution 1:500, 1 mg/ml stock) P.sppHSP70 (B) antibodies and visualized with a bovine or a goat anti-goat or anti-mouse secondary antibody (Alexa Fluor 647, red), respectively. Nuclei were labeled with Hoechst 33342 (blue). Merged images between HsMUC13, UIS4 or P.sppHSP70 and Hoechst are shown. Scale bars 10 μm; 100X oil objective. HC04 cells were infected with P. berghei sporozoites and then fixed and stained at 2, 12, 24, 36, and 48 hpi. Infected cell cultures were stained using a 1:500 dilution (1 mg/ml stock) of mouse polyclonal antibody to P.sppHSP70 (see methods) and a 1:500 dilution of rabbit polyclonal antibody to MUC13 intracellular domain (MUC13 Antibody #1 -LifeSpan BioSciences #C345092). Primary antibody localization was visualized with goat anti-mouse (Alexa Fluor 647, red) and goat anti-rabbit (Alexa Fluor 488, green) secondary antibodies, respectively. Nuclei were stained with Hoechst 33342 (blue) and cell membranes with CellMask deep red (purple). Scale bars 10 μm; 60X oil objective. (B) The total reads, from the Huh7.5.1 RNA seq samples 1-3, for MUC13 at the 5 indicated time points (0H Uninfected, 24H Infected, 24H Uninfected, 48H Infected and 48H Uninfected). (C) The fold-induction of MUC13, based upon the total read count in panel B, at 24 and 48 hpi, presented as a ratio of Infected:Uninfected. P.sppHSP70, ATQ HsMUC13, PURO HsMUC13, PURO P.sppHSP70, . (D) Representative images of P. berghei EEF in HC04 cells (48 hpi) treated (2 hpi) with 1 μM of atovaquone, puromycin, or DMSO. P. berghei was labeled with P.sspHSP70 mouse polyclonal antibody (dilution 1:500, 1 mg/ml stock). HC04 cells were labeled with a rabbit polyclonal antibody (dilution 1:500, 1 mg/ml stock) recognizing the intracellular region of HsMUC13 (MUC13 antibody #1 -LifeSpan BioSciences #LS-C345092). Primary antibody detection was performed with goat antimouse (Alexa Fluor 647, red) and goat anti-rabbit (Alexa Fluor 488, green) antibodies. Nuclei and cell membranes were stained with Hoechst 33342 (blue) and CellMask deep red (purple), respectively. Scale bar 10 μm; 100X oil. (C) Confocal microscopy images of Huh7.5.1 liver cells, with and without shMUC13, infected with P. berghei 48 hpi. Cells were labeled with a rabbit polyclonal antibody (dilution 1:500, 1 mg/ml stock) against the intracellular domain of HsMUC13 (MUC13 antibody #1 -LifeSpan BioSciences #C345092). P. berghei was detected using a mouse polyclonal P.sppHSP70 antibody (1:500 dilution, 1 mg/ml stock). Primary antibodies were detected with a goat anti-rabbit (Alexa Fluor 488, green) and a goat anti-mouse (Alexa Fluor 647, red). Cell membranes and nuclei were stained with Hoechst 33342 (blue) and CellMask deep red (purple), respectively. Merged images between HsMUC13, P.sppHSP70, and Hoechst shown. Scale bars 10 μm; 60X oil objective.
